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Mutational analyses were carried out to investigate whether the nuclear inclusion protein a (NIa) C-terminal amino acids
of turnip mosaic potyvirus play any roles in the cis-cleavage between NIa and NIb. The processing rate of the NIa–NIb
junction sequence was decreased significantly by either V240D or Q243A mutation while little affected by F226D, V228E,
K230E, I232D, or L235D mutation. The mutation of W212S, G213S, or I217D abolishing the cleavage at the NIb–CP or
6K1–cylindrical inclusion protein junction sequence decreased the processing rate to half the level of that of the wild type.
Deletion of the C-terminal one (K230), two (S229 and K230), three (S229 to L231), or six amino acids (S229 to D234) as well
as the insertion of five glycines between S229 and K230 or between S220 and Q221 did not affect significantly the cleavage
while the deletion of 20 amino acids (Q218 to S237) decreased the processing rate to 73% of that of the wild type. These
results rule out the possibility that the C-terminal region plays a role as a spacer in right placement of the NIa–NIb junction
sequence and demonstrate that the C-terminal 20 amino acids from Q218 to S237 are not crucial for the cis-cleavage of the
NIa–NIb junction sequence. © 1998 Academic Press
INTRODUCTION
The nuclear inclusion protein a (NIa) of potyviruses is
a 49-kDa protein containing two functional domains, the
22-kDa genome-linked protein (VPg) domain at the N-
terminus and the 27-kDa protease domain at the C-
terminus (Dougherty and Parks, 1991). VPg is covalently
linked to viral genome and may play a priming role for
viral RNA synthesis as proposed for picornaviruses (Gia-
chetti and Semler, 1991; Toyoda et al., 1987; Wimmer et
al., 1993). The protease domain has a proteolytic activity
responsible for the processing of the C-terminal two-
thirds of the viral polyprotein into functional proteins
(Carrington and Dougherty, 1987a). There are at least six
cleavage sites in the viral polyprotein recognized by the
NIa protease (Carrington et al., 1988, 1993; Garcia et al.,
1990). Amino acids at positions P6 through P91 of the
cleavage site have been determined to be important for
efficient cleavage (Dougherty et al., 1989; Dougherty and
Parks, 1989; Kim and Choi, 1997). The NIa protease
belongs to the chymotrypsin-like cysteine protease in-
hibited by TPCK more efficiently than by TLCK (Dough-
erty et al., 1989; Kim et al., 1996c).
The NIa protein is slowly cleaved into VPg and the
27-kDa protease (Dougherty and Parks, 1991). When
the mutation was introduced into the internal cleavage
site between the VPg and the protease domains to
affect the processing rate of the internal cleavage, the
viral replication was debilitated, suggesting that the
low-rate processing of the internal cleavage site plays
a role as one of the regulatory mechanisms for effi-
cient viral replication (Carrington et al., 1993; Schaad
et al., 1996). The other cleavage sites are processed
with different efficiencies and might be essential for
fine regulation of the viral replication. The junctions
between protein 3 (P3) and 6K1 protein (6K1), between
6K1 and cylindrical inclusion protein (CI), and between
nuclear inclusion protein b (NIb) and capsid protein
(CP) have been known to be cleaved in trans, whereas
the junctions between CI and 6K2 protein (6K2), be-
tween 6K2 and NIa, and between NIa and NIb were
observed to be cleaved preferentially in cis (Car-
rington et al., 1988; Carrington and Dougherty, 1987a,
1987b, 1988; Garcia et al., 1990; Rorrer et al., 1992).
TuMV NIa 27-kDa protease cleaves itself between
Ser-223 and Gly-224 and between Thr-207 and Ser-208
to generate 25-kDa (lacking the C-terminal 20 amino
acids) and 24-kDa proteins (lacking the C-terminal 36
amino acids), respectively. The NIa protease of to-
bacco etch virus (TEV) cleaves itself between Met-218
and Ser-219 with the elimination of 24 amino acids
(Parks et al., 1995). There are many speculations for
the role of the eliminated C-terminal residues. The
truncated form of TEV NIa protease was one-twentieth
as efficient as the full-length protease, and the C-
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terminal region was proposed to be involved in the
substrate specificity (Parks et al., 1995). In contrast,
the deletion of the C-terminal 20 amino acids of the
TuMV–C5 NIa protease did not affect significantly the
trans-cleavage between 6K1 and CI or between NIb
and CP (Kim et al., 1996b), suggesting that at least the
C-terminal 20 amino acids are not important for the
processing of the 6K1–CI and NIb–CP junction se-
quences. To clearly understand whether the C-termi-
nal residues are really involved in the substrate spec-
ificity, the mutational effects of the C-terminal residues
on the cis-cleavages of the CI–6K2, 6K2–NIa, or NIa–
NIb junction sequence need to be investigated. The
NIa protease is released from the viral polyprotein by
digesting its N-terminus and C-terminus in a cis-cleav-
age mechanism. For the C-terminal release of the NIa
protease, the NIa–NIb junction sequence should be
moved into the active site of the NIa protease. It is
possible that the C-terminal region can function as a
spacer facilitating the cis-cleavage between NIa and
NIb by tugging the cleavage site into an appropriate
position.
In this study, the conserved residues in the region of
the C-terminal 20 amino acids of TuMV NIa protease
were changed individually and their effects on the cis-
cleavage between NIa and NIb were investigated using
the in vitro translation system. A few amino acids includ-
ing the conserved residues were deleted or five glycine
residues were inserted in the C-terminal region to dislo-
cate the NIa–NIb junction sequence upstream or down-
stream, and their effects on the cis-cleavage of the NIa–
NIb junction sequence were investigated.
RESULTS
Effects of point mutations in the C-terminal region of
the NIa protease on the cleavage of NIa–NIb junction
sequence
A part of the viral polyprotein, NIa–DNIb, containing
the cleavage site of the boundary between NIa and NIb,
was synthesized by use of in vitro translation and the
extent of the processing into the NIa and DNIb proteins
was examined. The NIa–DNIb protein was expected to
be cleaved into the 27-kDa protein corresponding to the
protease region and the 10-kDa protein corresponding to
the DNIb region if the mutation did not affect the activity.
In order to examine whether the C-terminal conserved
residues are related with the cis-cleavage between NIa
and NIb, the conserved residues were mutated and their
effects on the cleavage of the NIa–NIb junction se-
quence were investigated. When each conserved resi-
due was changed to a negatively charged one such as
Asp or Glu, respectively, to make a mutation of F226D,
V228E, K230E, I232D, or L235D (Fig. 1), the NIa–DNIb
protein was processed into the 27-kDa protein as effi-
ciently as the wild type (Fig. 2). The point mutation of
V240D or Q243A decreased the processing rate of the
NIa–DNIb protein to 21 or 15% of that of the wild type,
respectively, confirming that the two residues are impor-
tant for the recognition of the NIa–NIb junction sequence
by the NIa protease.
Previously, it has been shown that the three amino
acids Trp-212, Gly-213, and Ile-217 are important for
the trans-cleavage of the 6K1–CI and NIb–CP junction
sequence (Kim et al., 1996b). In order to investigate
whether these residues are also important for the
cis-cleavage of the NIa–NIb junction sequence, the
point mutation of Trp-212 to Ser (W212S), Gly-213 to Ser
(G213S), or Ile-217 to Asp (I217D) was introduced into
the NIa–DNIb protein. The point mutations decreased
the processing rate to 61, 43, or 40% of that of the wild
type, respectively (Fig. 2), suggesting that Trp-212,
Gly-213, and Ile-217 are also required for efficient
cleavage between NIa and NIb. The point mutation of
Ser-211 to His or Ser-214 to Pro, which affected mildly
the trans-cleavage between 6K1 and CI, did not show
any significant effect on the cis-cleavage between NIa
and NIb. Also, the substitutions of Asn-216, Ile-217, and
Gln-218 to Thr, Leu, and Glu (NIQ/TLE) as well as the
point mutation of Gly-224 to Arg (G224R) did not affect
the cis-cleavage between NIa and NIb.
FIG. 1. The amino acid sequences of the NIa C-terminal region
(Ile-210 to Gln-243) containing the point, deletion, or insertion mutation
and the NIb N-terminal region (Thr-1 to Arg-5). The changed amino
acids are indicated in boldface and underlined. The deleted amino
acids are indicated by dashed lines.
95C-TERMINAL ANALYSIS OF TuMV NIa PROTEASE
Effects of deletion or insertion mutations in the C-
terminal region of the NIa protease on the cleavage
of NIa–NIb junction sequence
In order to investigate whether the exact location of
the cleavage site between NIa and NIb is crucial for the
efficient processing of the NIa–NIb junction sequence,
deletion or insertion mutations were introduced into the
C-terminal region of the NIa protease and their effects on
the processing of the NIa–DNIb protein were examined
(Fig. 1). Including the highly conserved residues, 1 (Lys-
230), 2 (Ser-229 and Lys-230), 3 (from Ser-229 to Leu-
231), 6 (from Ser-229 to Asp-234), or 20 (from Gln-218 to
Ser-237) residues were deleted to shift the NIa–NIb junc-
tion sequence a few residues upstream. The deletion
mutations except the 20-amino-acid deletion mutation
did not exhibit any significant effect on the processing of
the NIa–DNIb protein while the 20-amino-acid deletion
mutation decreased the processing rate to 73% of that of
the wild type (Fig. 3).
As an alternative way to dislocate the cleavage site
between NIa and NIb, five glycine residues were in-
serted between Ser-229 and Lys-230 (Ins1) or between
Ser-220 and Gln-221 (Ins2) in the C-terminal region. The
Ins1 insertion mutation would shift the NIa–NIb junction
sequence five amino acids downstream while the Ins2
mutation would dislocate both the internal self-cleavage
site and the NIa–NIb junction sequence five amino acids
downstream. In either case, the insertion mutation did
not show any significant effect on the processing of the
NIa–DNIb protein (Fig. 3), indicating that the NIa–NIb
junction can be processed easily even displaced five
amino acids downstream.
DISCUSSION
When the amino-acid sequences among potyviral NIa
proteases are compared, the C-terminal regions show
low sequence similarity (Shukla et al., 1994). This sug-
gests that the C-terminal region might be less essential
FIG. 2. (A) SDS–PAGE analysis of the cis-cleavage activity of the NIa protease for the processing of the NIa–NIb junction sequence. The 37-kDa
NIa–DNIb polyprotein containing the wild-type or the mutant protease with a point mutation of S211H, W212S, G213S, S214P, NIQ/TLE, I217D, G224R,
F226D, V228E, K230E, I232D, L235D, V240, or Q243A was synthesized by in vitro translation of pTM1–NIa–DNIb while labeling with [35S]methionine
for 90 min in rabbit reticulocyte lysate. The synthesized proteins were separated by 15% SDS–PAGE and the autoradiogram of the gel was obtained.
(B) Diagram showing the percentage of processing of the NIa–DNIb protein. The solid bar represents the proportion of the processed product of the
total protein. Each bar in the plot represents the mean value obtained from three independent measurements.
FIG. 3. (A) SDS–PAGE analysis of the cis-cleavage activity of the NIa protease for the processing of the NIa–DNIb polyprotein containing the NIa
protease with the deletion of 1 (Lys-230), 2 (Ser-229 and Lys-230), 3 (Ser-229 to Leu-231), 6 (Ser-229 to Asp-234), or 20 amino acids (Gln-218 to Ser-237)
as well as the insertion of 5 glycine residues between Ser-229 and Lys-230 or between Ser-220 and Gln-221. The NIa–DNIb protein was synthesized
by in vitro translation while labeling with [35S]methionine for 90 min. The synthesized proteins were separated by 15% SDS–PAGE and the
autoradiogram of the gel was obtained. (B) Diagram showing the percentage of processing of the NIa–DNIb protein. The solid bar represents the
proportion of the processed product of the total protein. Each bar in the plot represents the mean value obtained from three independent
measurements.
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for the viral replication than other regions and have been
susceptible to mutations during the evolution. In spite of
such a low homology, highly or absolutely conserved
residues such as Phe-226, Val-228, Lys-230, Ile-232, Leu-
235, Val-240, and Gln-243 can be found to imply that they
might be related to some unknown functions of the NIa
protease.
The mutations of the C-terminal conserved residues,
Phe-226, Val-228, Lys-230, Ile-232, and Leu-235, in the
TuMV–NIa protease did not exhibit any significant effect
on the cleavage between NIa and NIb, suggesting that
the conserved residues are not essential for the cleav-
age of the NIa–NIb junction sequence. These results can
be understood as analogous to those interpreted previ-
ously for the internal self-cleavage of the NIa protease
(Kim et al., 1996b), in which the internal self-cleavage
was not affected by the point mutation of W212S, G213S,
or I217D, disrupting the catalytic activity for the process-
ing of the 6K1–CI and NIb–CP junction sequence. The
internal self-cleavage occurring between Ser-223 and
Gly-224 has been considered to be related to the high
mobility of the C-terminal region due to the flexibility in
the structure of the NIa protease (Kim et al., 1996a). The
C-terminal deletion via an intramolecular cleavage might
depend on the mobility or the accessibility of the C-
terminal region to the active site of the protease. The
proximal localization of the internal self-cleavage site to
the active site of the NIa protease was proposed to give
rise to such an internal cleavage reaction despite the
lack of sequence homology between the internal self-
cleavage site sequence and the junction sequences of
the viral polyprotein. Based on this idea, it was sus-
pected that the C-terminal residues may play a role as a
spacer in locating the NIa–NIb junction sequence at the
appropriate position to be recognized by the active site
of the NIa protease rather than a role in substrate rec-
ognition. Deletion of 1, 2, 3, or 6 amino acids in the region
of the C-terminal 20 amino acids, however, did not exhibit
any significant effect on the cleavage of the NIa–NIb
junction sequence (Fig. 3), indicating that the exact lo-
cation of the cleavage site is not crucial for the process-
ing of the NIa–NIb junction sequence.
The 20-amino-acid deletion mutation displaced the
NIa–NIb junction sequence to be located at the internal
self-cleavage site between Ser-223 and Gly-224 (Kim et
al., 1995) (Fig. 1). Although the processing of this mutant
protein was slow compared to that of the wild type (Fig.
3), it was much faster than the internal self-cleavage
which takes approximately 24 h for the complete cleav-
age (Kim et al., 1996a). This means that the processing
rate of the internal self-cleavage can be accelerated by
changing the amino acids at the cleavage site to match
the homologous sequences of the cleavage sites recog-
nized by the NIa protease. The decrease in the process-
ing rate caused by the 20-amino-acid deletion mutation
might be due to the reduced catalytic activity itself rather
than to the disposition of the cleavage site since the
elimination of the C-terminal 26 amino acids had been
found to decrease the catalytic activity of the NIa pro-
tease for the processing of the 6K1–CI junction sequence
to 47% of that of the wild-type protease (Kim et al., 1996b).
This deletion mutation analysis suggests that the C-
terminal amino acids from Gly-218 to Leu-237 are not
essential for the cis-cleavage of the NIa–NIb junction
sequence. The insertion of five glycine residues into the
C-terminal region to dislocate the NIa–NIb junction se-
quence 5 amino acids downstream also did not have any
significant effect on the processing of the NIa–NIb junc-
tion sequence, indicating that the NIa–NIb junction se-
quence can be dislocated 5 amino acids downstream as
well as 20 amino acids upstream.
The above results suggest that the exact position of
the boundary between NIa and NIb is not required for the
cleavage of the NIa–NIb junction sequence, ruling out
the possibility that the C-terminal residues can play a
role as a spacer for the right placement of the cis-
cleavage site. In our experiments, the NIa–DNIb protein
was synthesized for 90 min in rabbit reticulocyte lysate,
which seems to be too long to measure the initial rate of
the polyprotein processing. It might be possible that the
mutations in the C-terminal region have an effect on the
efficiency of the polyprotein processing, which would not
be detected in our experiment due to prolonged incuba-
tion of the polyprotein. Accordingly, the initial rate of the
polyprotein processing should be examined in further
detail to clearly understand the effects of the mutations
on the cis-cleavage between NIa and NIb.
It might be possible that the C-terminal conserved
residues could play a role in recognition of other junction
sequences of CI–6K2 or 6K2–VPg. Another possibility is
that the C-terminal region might be related to the stability
or an unidentified in vivo function rather than to the
proteolytic function itself. The NIa protease, as a fusion
protein with VPg, is covalently linked to the 59-end of the
genomic RNA and may interact with other proteins in-
volved in the viral replication (Hong et al., 1995). Recently,
the TEV–NIa protease was found to directly interact with
NIb in the yeast two-hybrid system, suggesting that NIa
might form a replication initiation complex with NIb (Li et
al., 1997). Considering that the role of the C-terminal
region of the NIa protease remains ambiguous and is
probably not related to substrate specificity, it is plausi-
ble that the NIa C-terminal region might be related to the
interaction with other proteins. It remains to be investi-
gated whether the C-terminal region of the NIa protease
is really involved in the interaction with other proteins,
especially with NIb. The effects of the mutations in the
C-terminal region of NIa on the interaction with other
proteins as well as on the substrate specificity should be
further characterized to clearly understand the roles of
the C-terminal residues in the viral replication.
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MATERIALS AND METHODS
Subcloning of the DNA region encoding both the NIa
27-kDa protease and the NIb N-terminal region into
pTM1, pSK(2), and pRSETb
The DNA regions encoding both the NIa 27-kDa pro-
tease and the N-terminal 99 amino acids of the NIb
protein (DNIb) from the TuMV–C5 strain were subcloned
into pTM1 vector (Moss et al., 1990) containing the T7
promoter and the 59-nontranslated region of encephalo-
myocarditis virus as follows; the pGPOPR (Kim et al.,
1995) was digested with NcoI and SpeI, and the insert
DNA fragment was subcloned into NcoI and SpeI sites of
pTM1 vector to construct the pTM1–DNIa. pVT45 (Kim et
al., 1995) was digested with BglII, treated with Klenow
fragment, and then digested with SpeI. The insert DNA
fragment was subcloned into SpeI and StuI sites of
pTM1–DNIa to construct pTM1–NIa–DNIb.
For the subcloning of the DNA region corresponding to
NIa–DNIb into pBluescript SK(2) (pSK(2)) and pSK(2)
was digested with XbaI and SpeI and then self-ligated to
eliminate XbaI and SpeI sites. This modified pSK(2) was
digested with SpeI and SalI and ligated with the insert
DNA fragment obtained from the digestion of pTM1–NIa–
DNIb with SpeI and SalI to construct pSK(2)–NIa–DNIb.
The subcloning of the same DNA region encoding NIa–
DNIb into pRSETb (Invitrogen) was carried out as fol-
lows: pRSETb was digested with NdeI and self-ligated to
eliminate the NdeI site. This modified pRSETb was di-
gested with BamHI and KpnI and ligated with the insert
DNA fragment obtained from the digestion of pSK(2)–
NIa–DNIb with BamHI and KpnI to construct pRSETb–
NIa–DNIb.
Point mutations of the C-terminal conserved residues
of the NIa protease
pTM1–NIa–DNIb was digested with SpeI and SalI, and
the insert DNA fragment was isolated and subcloned
into SpeI and SalI sites of pSKPOPR (Kim et al., 1995) to
construct pSK–DNIa–DNIb. The single-stranded DNA
was prepared from pSK–DNIa–DNIb and used as a tem-
plate for site-directed mutagenesis. Single point muta-
tions of Phe-226 to Asp (F226D), Val-228 to Glu (V228E),
Lys-230 to Glu (K230E), Ile-232 to Asp (I232D), Leu-235 to
Asp (L235D), Val-240 to Asp (V240D), and Gln-243 to Ala
(Q243A) were carried out as follows: the oligonucleotides
of 59-CAA CCG TCG GGT TTG GAC AAA GTA AGC AAA
CT-39 (for F226D), 59-GGG TTT GTT CAA AGA AAG CAA
ACT AAT CT-39 (for V228E), 59-TGT TCA AAG TAA GCG
AAC TAA TCT CAG AC-39 (for K230E), 59-AAA GTA AGC
AAA CTA GAC TCA GAC CTC GAC AG-39 (for I232D),
59-AAA CTA ATC TCA GAC GAC GAC AGC ACG GCA
GT-39 (for L235D), 59-CGA CAG CAC GGC AGA CTA CGC
ACA AAC CC-39 (for V240D), and 59-ACG GCA GTC TAC
GCA GCA ACC CAG CAG AAT CG-39 (for Q243A) were
synthesized and used as a primer for the respective
mutagenesis. The underlined nucleotides represent the
changed ones by point mutations. The mutated gene in
pSK(2) was digested with SpeI and SalI to isolate the
inserted DNA fragment and then subcloned into SpeI
and SalI sites of pTM1–NIa–DNIb.
The point mutation, S211H, W212S, G213S, NIQ/TLE,
I217D, or G224R, was introduced into the protease gene
in pTM1–NIa–DNIb as follows: the pTM1–NIa–DNIb
plasmid was digested with AccI and the resulting DNA
fragment (;300 nucleotides) was subcloned into
pSKPOPR (Kim et al., 1995, 1996b) containing the point
mutation. The resulting plasmid DNA was digested with
NcoI and NdeI and the insert DNA fragment was sub-
cloned into NcoI and NdeI sites of pTM1–NIa–DNIb.
Deletion mutations of the C-terminal residues of the
NIa protease
The deletion mutation with elimination of 1 (Lys-230), 2
(Ser-229 and Lys-230), 3 (Ser-229, Lys-230, and Leu-231),
6 (from Ser-229 to Asp-234), or 20 amino acids (from
Gln-218 to Ser-235) was prepared by polymerase chain
reactions (PCR) as follows: pTM1–NIa–DNIb was used
as a template, and the oligonucleotides of 59-GAC TAG
TCA GCT GAT CTC AGA CCT CGA CAG CAC-39 (PVUII-1),
59-GAC TAG TGA TAT CTC AGA CCT CGA CAG CAC-39
(ECORV), 59-GAC TAG TCA GCT GGA CAG CAC GGC
AGT CTA CG-39 (PVUII-2), 59-GAC TAG TCA GCT GCA
GTC TAC GCA CAA ACC CA-39 (PVUII-3), and 59-TGC TTC
AAT TGG CGT TGC AT-39 (poty7450) were used as prim-
ers for the amplification. The primers except the poty7450
contain SpeI site to facilitate the subcloning. PVUII-1,
ECORV, PVUII-2, or PVUII-3 primer was used as a pair
with the poty7450 primer for the amplification of the DNA
fragment containing both the C-terminal part of the NIa
protease and the N-terminal part (;300 nucleotides) of
the NIb protein. The DNA fragment amplified using the
PVUII-1, PVUII-2, or PVUII-3 primer was digested with
SpeI and NdeI and subcloned into SpeI and NdeI sites of
pRSETb–NIa–DNIb to construct pRM(PVUII-1), pRM(P-
VUII-2), or pRM(PVUII-3), respectively. The DNA fragment
amplified using the ECORV primer was digested with
SpeI and NdeI and then subcloned into SpeI and NdeI
sites of pTM1–NIa–DNIb to construct pTM1(ECORV).
The oligonucleotides 59-ACG TAG TAC TTA CTT TGA
ACA AAC CCG A-39 (SCAI), 59-ACG TGT CGA CTT TGA
ACA AAC CCG ACG G-39 (HINCII-1), 59-ACG TCC CGG
GTT GCG ATG CTT GTA TAT T-39 (SMAI), and 59-ACG TAT
TAA TAT TCA AAG AGC CCC AGC T-39 (ASNI) were used
as a pair with 59-CCC AGG ATC CAT GGC GAG TAA CTC
CAT GTT CAG AGG-39 (Nterm) for the amplifications of
the N-terminal region of the NIa 27-kDa protease. The
DNA fragment amplified by PCR using the SCAI, HIN-
CII-1, SMAI, or ASNI primer was digested with ScaI,
HincII, SmaI, or AsnI, respectively, together with BamHI.
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The digested DNA fragment was isolated by agarose
gel electrophoresis and subcloned into PvuII and
BamHI sites of pRM(PVUII-1), pRM(PVUII-2), or pRM-
(PVUII-3) as follows: the DNA fragment amplified using
the SCAI primer was ligated with pRM(PVUII-1) to
construct pRM(D1). The DNA fragment obtained using
the HINCII-1 primer was ligated into pRM(PVUII-1) or
pRM(PVUII-2) to construct pRM(D2) or pRM(D6), re-
spectively. The DNA fragment amplified using the
ASNI primer was ligated with pRM(PVUII-3) to con-
struct pRM(D20). For the preparation of the three-
amino-acid deletion mutation, pTM1(ECORV) was di-
gested with NcoI and HincII and ligated with the DNA
fragment which had been amplified using the Nterm
and HINCII-1 primers to construct pTM1(D3). The
pRM(D1), pRM(D2), pRM(D6), and pRM(D20) were di-
gested with SpeI and SalI and subcloned into SpeI and
SalI sites of pTM1–NIa–DNIb to construct pTM1(D1),
pTM1(D2), pTM1(D6), and pTM1(D20), respectively.
Insertion mutations in the C-terminal region
of the NIa protease
The insertion mutation with the addition of five gly-
cines between Ser-229 and Lys-230 (Ins1) or between
Ser-220 and Gln-221 (Ins2) was carried out by PCR as
follows: pTM1–NIa–DNIb was used as a template, and
the oligonucleotides of 59-GA AGA TCT GTA TAC TTT
GAA CAA ACC CGA CG-39 (XCAI), 59-G ACT AGT AAG
CTT ATC TCA GAC CTC GAC AGC AC-39 (HINDIII-1),
59-GAA GAT CTA AGC TTG TAT ATT CAA AGA GCC-39
(HINDIII-2), 59-GAC TAG TGT TAA CCG TCG GGT TTG
TTC AAA-39 (HPAI), and the poty7450 primer were used
as primers for the amplification while the oligonucleo-
tides 59-AGC GGT GGA GGC GGA GGT A-39 (5ins-11),
59-AG CTT ACC TCC GCC TCC ACC GCT-39 (5ins-12),
59-A GCT TCG GGT GGA GGC GGA GGT-39 (5ins-21), and
59-G ACC TCC GCC TCC ACC CGA-39 (5ins-22) were
used as linker DNAs for the insertion of five glycines. The
DNA fragment including both the NIa C-terminal region
and the NIb N-terminal region was amplified using the
HINDIII-1 and poty7450 primers for the Ins1 mutation or
using the HPAI and poty7450 primers for the Ins2 muta-
tion. The amplified DNA fragment was digested with SpeI
and NdeI and subcloned into SpeI and NdeI sites of
pSK(2)–NIa–DNIb to construct pSM(HINDIII-1) or
pSM(HPAI). The N-terminal part of the NIa 27-kDa pro-
tease gene was amplified using the XCAI and Nterm
primers for the Ins1 mutation or using the HINDIII-2 and
Nterm primers for the Ins2 mutation. The amplified DNA
fragment was digested with BamHI and partially with
BglII, and then a ca. 700-nucleotide DNA fragment was
isolated. The isolated DNA fragment was subcloned into
BamHI and BglII sites of pSM(HINDIII-1) or pSM(HPAI).
The resulting plasmid DNA was then digested with XcaI
and HindIII for the Ins1 mutation or with HindIII and HpaI
for the Ins2 mutation, and the larger DNA fragment
was isolated. The isolated DNA was ligated with the
5ins-11 and 5ins-12 DNAs for the Ins1 mutation or with
the 5ins-21 and 5ins-22 DNAs for the Ins2 mutation to
construct pSM(Ins1) or pSM(Ins2). A pair of primers of
5ins-11 and 5ins-12 or 5ins-21 and 5ins-22 were
heated at 90°C for 5 min and cooled to room temper-
ature before the ligation. The resulting DNAs were
digested with SpeI and SalI and subcloned into SpeI
and SalI sites of pTM1–NIa–DNIb to construct
pTM1(Ins1) and pTM1(Insufficiency).
In vitro transcription and translations of NIa–DNIb
protein
pTM1–NIa–DNIb containing the wild-type or the mu-
tant NIa gene with the point, deletion, or insertion muta-
tion was linearized by digestion with SalI and used for in
vitro transcription with T7 RNA polymerase (New En-
gland Biolabs). In vitro translations of the RNA transcripts
were performed in rabbit reticulocyte lysates for 90 min
at 30°C while labeling the synthesized proteins with
[35S]methionine as recommended by the supplier (Pro-
mega). The reaction mixtures were analyzed on 15%
SDS–PAGE. The gel was dried and exposed to X-ray film
(Kodak XAR2). The intensity of the bands was analyzed
quantitatively by an Imaging Densitometer (Bio-Rad GS-
700) using the program Molecular Analyst/PC (Bio-Rad
Windows software).
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